Kellogg DL Jr, Zhao JL, Wu Y. Endothelial nitric oxide synthase control mechanisms in the cutaneous vasculature of humans in vivo. Am J Physiol Heart Circ Physiol 295: H123-H129, 2008. First published May 9, 2008 doi:10.1152/ajpheart.00082.2008 participates in locally mediated vasodilation induced by increased local skin temperature (T loc) and in sympathetically mediated vasodilation during whole body heat stress. We hypothesized that endothelial NOS (eNOS) participates in the former, but not the latter, response. We tested this hypothesis by examining the effects of the eNOS antagonist N G -amino-L-arginine (L-NAA) on skin blood flow (SkBF) responses to increased Tloc and whole body heat stress. Microdialysis probes were inserted into forearm skin for drug delivery. One microdialysis site was perfused with L-NAA in Ringer solution and a second site with Ringer solution alone. SkBF [laserDoppler flowmetry (LDF)] and blood pressure [mean arterial pressure (MAP)] were monitored, and cutaneous vascular conductance (CVC) was calculated (CVC ϭ LDF Ϭ MAP). In protocol 1, T loc was controlled with LDF/local heating units. T loc initially was held at 34°C and then increased to 41.5°C. In protocol 2, after a normothermic period, whole body heat stress was induced (water-perfused suits). At the end of both protocols, 58 mM sodium nitroprusside was perfused at both microdialysis sites to cause maximal vasodilation for data normalization. In protocol 1, CVC at 34°C T loc did not differ between L-NAA-treated and untreated sites (P Ͼ 0.05). Local skin warming to 41.5°C T loc increased CVC at both sites. This response was attenuated at L-NAA-treated sites (P Ͻ 0.05). In protocol 2, during normothermia, CVC did not differ between L-NAA-treated and untreated sites (P Ͼ 0.05). During heat stress, CVC rose to similar levels at L-NAA-treated and untreated sites (P Ͼ 0.05). We conclude that eNOS is predominantly responsible for NO generation in skin during responses to increased T loc, but not during reflex responses to whole body heat stress. skin blood flow; microdialysis; nitric oxide; NOS III; laser-Doppler flowmetry A WIDE VARIETY OF MECHANISTIC roles for nitric oxide (NO) and NO synthase (NOS) in human biology have been elucidated. Indeed, it is now a great scientific challenge to clarify these varied roles and come to a coherent understanding of how NO/NOS systems function in vivo. To accomplish this, studies that address the roles of different NOS isoforms, endothelial NOS (eNOS, NOS III), neuronal NOS (nNOS, NOS I), and inducible NOS (iNOS, NOS II), are required.
A WIDE VARIETY OF MECHANISTIC roles for nitric oxide (NO) and NO synthase (NOS) in human biology have been elucidated. Indeed, it is now a great scientific challenge to clarify these varied roles and come to a coherent understanding of how NO/NOS systems function in vivo. To accomplish this, studies that address the roles of different NOS isoforms, endothelial NOS (eNOS, NOS III), neuronal NOS (nNOS, NOS I), and inducible NOS (iNOS, NOS II), are required.
For in vivo studies in humans, the skin represents an easily accessible tissue that has several known NO/NOS-dependent control mechanisms. One such mechanism causes changes in skin blood flow (SkBF) in response to local temperature (T loc ) changes. With local warming of skin, as T loc increases, so does local SkBF. The response is biphasic, with an initial increase mediated by an axon reflex followed by a plateau that requires the generation of NO by NOS (15, 21, 27, 28) . If T loc is held at 42°C for 35-55 min during the plateau phase of the response, SkBF can reach maximal levels (38) .
Another NO-and NOS-dependent mechanism of the cutaneous vasculature is the increase in SkBF that occurs during thermoregulatory reflexes elicited by whole body heat stress. This reflex response is mediated by a powerful active vasodilator system that is capable of directing 60% of cardiac output, or ϳ8 l/min of blood flow, to the cutaneous circulation during severe heat stress (11, 17, 30) . This active vasodilator response is mediated by sympathetic cholinergic nerves and involves neurotransmitters that include acetylcholine (ACh), vasoactive intestinal peptide, and perhaps others, as well as NOS generation of NO (4, 22, 26, 44, 45) .
Three main isoforms of NOS exist in mammals; however, only two, eNOS and nNOS, are constitutively expressed. eNOS and nNOS are involved in signal cascades (13) , and both are found in human skin (5) . Thus, at least one, or perhaps both eNOS and nNOS, must be involved in generation of the NO required for the vasodilation evoked by local skin warming or by whole body heat stress (19) . Although iNOS has been detected by immunohistochemical techniques in skin, it is present in minute amounts compared with eNOS and nNOS. The iNOS isoform acts as a regulator and effector of immune responses; hence, iNOS can be excluded as an isoform responsible for generation of NO in normal physiological vasodilation in skin (13, 41) .
Although it is clear that NOS production of NO is involved in vasodilation of cutaneous vessels during direct local application of heat to the skin's surface and during sympathetic nervous system-mediated thermoregulatory reflexes in response to whole body heat stress, the roles of the different NOS isoforms in these two processes have only recently been clarified (19, 25, 36) . Recent work by our laboratory identified an important mechanistic role for nNOS in the generation of NO during cutaneous active vasodilation as induced by whole body heat stress, but not during skin vasodilation induced by local warming of forearm skin (25) . This dichotomous involvement of nNOS in two distinct vasodilatory processes suggested similar dichotomous roles for eNOS in the control of the human forearm cutaneous vasculature.
Given the foregoing observations, we hypothesized that eNOS mediates the plateau phase of vasodilation induced by T loc increases, but not the cutaneous active vasodilation induced by whole body heat stress. We tested our hypothesis by examining whether increases in SkBF during local skin warming (protocol 1) or whole body heat stress (protocol 2) were attenuated by blockade of eNOS with the mechanism-based eNOS inactivator N G -amino-L-arginine (L-NAA) (1, 6, 8, 37, 43) ; thus the overall purpose of our work was to elucidate the role(s) of eNOS in cutaneous vasomotor control mechanisms.
METHODS
All subjects were in good health, did not use tobacco products, and took no medications. All subjects gave their written, informed consent to participate in these studies, which conformed to the standards set by the Declaration of Helsinki and were approved by the University of Texas Health Science Center Institutional Review Board. Subjects did not use caffeine-containing beverages on the day of the study.
L-NAA (AXXORA, San Diego, CA) was chosen as a mechanismbased eNOS inactivator (6) . In vitro inhibition studies by Wolff and Lubeskie (43) with isolated NOS isoforms found this agent to have 10-fold selectivity for eNOS over nNOS. In subsequent studies, Cooper et al. (8) found that although the isolated nNOS enzyme could be inhibited by L-NAA in vitro, nNOS in pituitary cells was largely refractory to inactivation by L-NAA. Finally, in physiological studies, Stricklett et al. (37) used L-NAA as an eNOS antagonist to successfully define the roles of eNOS and nNOS in NO generation in rat inner medullary collecting ducts. The foregoing suggested that L-NAA could be useful for in vivo studies as long as great care was taken with the concentrations used (1).
For our studies, L-NAA was administered by intradermal microdialysis. This technique allows introduction of pharmacological agents into a small volume of skin without risk of systemic effects. All microdialysis probes were manufactured in our laboratory from polyimide tubing with a 1-cm length of capillary microdialysis membrane (regenerated cellulose, 200 m diameter, 20 kDa molecular cutoff). Each probe was reinforced with a 51-m-diameter stainless steel wire inserted throughout the lumen and was gas sterilized before use.
Microdialysis probes were placed 5 cm apart in the ventral forearm skin. This probe separation ensured that drug administration at one site did not influence the other. Placement of each microdialysis probe was accomplished by insertion of a 25-gauge needle through the dermis with sterile technique after ice had been applied to the skin surface for several minutes to achieve short-term, local anesthesia. The microdialysis probe was threaded through the lumen of the needle, which was then removed, leaving the microdialysis probe in place. The microdialysis membrane was placed completely within the skin, so that the polyimide tubing projected from the entry and exit points. The entry and exit points for each probe were ϳ2-3 cm apart (20) . Using this technique, we have placed probes 0.3-1.0 mm under the epidermal surface in the dermis as verified by ultrasound measurements (21) . Microdialysis probes were perfused at a rate of 2 l/min using a microinfusion pump (Harvard Apparatus, South Natick, MA).
After probe placement, Ն100 min were allowed to elapse before placement of additional instrumentation to ensure that insertion trauma had resolved (2) . Subjects were then placed in the supine position and instrumented for LDF from skin at both microdialysis sites (Moorlab Flowmeter, Moor Instruments, Devon, UK). Pulse rate and mean arterial pressure (MAP) were measured from a finger by photoplethysmography (Ohmeda, Madison, WI).
To define an appropriate L-NAA concentration, studies were done to characterize the in vivo effects of L-NAA as administered by intradermal microdialysis. These studies evaluated the attenuation of ACh-induced, eNOS-mediated vasodilation by different concentrations of L-NAA to define an isoform-selective L-NAA concentration to be used in our subsequent physiological experiments (14, 24) . L-NAA at 1.25, 2.5, 5, 10, and 20 mM was perfused via intradermal microdialysis probes for 45 min. Then 1.0 mM ACh was added to the perfusate to evoke endothelium-dependent vasodilation. L-NAA at 1.25 and 2.5 mM had no effect on ACh-induced vasodilation. In contrast, Ն5 mM L-NAA significantly attenuated ACh-induced vasodilation. This work demonstrated that 5 mM L-NAA was the minimal perfusate concentration that could reliably attenuate endotheliumdependent vasodilation as induced by exogenous ACh. Because isoform selectivity is more evident at lower antagonist concentrations, we used 5 mM L-NAA, inasmuch as this was the minimal concentration that attenuated eNOS-mediated responses and also minimized the chance of nNOS inhibition (1, 6, 8, 37, 43) .
Protocol 1: local skin warming. Eight subjects [4 men and 4 women (2 in the follicular phase and 2 in the luteal phase)] participated in the local skin warming protocol. Their average (mean Ϯ SE) age was 34 Ϯ 5 yr, weight was 71 Ϯ 5 kg, and height was 172 Ϯ 2 cm.
Upon arrival in the laboratory, each subject had two intradermal microdialysis probes placed into the skin on the ventral aspect of one forearm and was instrumented for LDF and MAP monitoring as described above. Each LDF probe was equipped with a special probe holder that contained resistive heating elements and thermocouples to permit simultaneous LDF measurements as well as control and measurement of T loc (21) . After LDF probe placement, perfusion of the microdialysis probes with Ringer solution at a rate of 2 l/min was begun.
Data collection began with a 5-min control period during which Tloc was maintained at 34°C. The perfusate at one site was then changed to 5 mM L-NAA in Ringer solution while perfusion with Ringer solution was maintained at the second site to serve as an untreated control while Tloc was maintained at 34°C. After ϳ45 min, Tloc was raised at a rate of 0.6°C/min to 41.5°C at both sites and maintained at 41.5°C until a clear LDF plateau had been established. A relatively slow rate of warming and a maximal Tloc of 41.5°C were chosen to obviate pain fiber activation, which can cause vasodilation through mechanisms other than NO (21) . Finally, the perfusates at both sites were changed to 56 mM sodium nitroprusside (SNP) in Ringer solution for 20 -25 min to cause maximal vasodilation for data normalization (23) . The protocol is illustrated in Fig. 1 .
Values are means Ϯ SE. For data analysis, CVC was calculated as LDF Ϭ MAP. Vasomotor responses were analyzed by comparison of the average levels of CVCs during the final 3 min of the 34°C Tloc period with the final 3 min of the 41.5°C Tloc period. CVC responses were analyzed by repeated-measures ANOVA followed by specific means comparisons (21) . The level of statistical significance (alpha) was defined as 0.05.
Protocol 2: whole body heat stress. Nine subjects [4 men and 5 women (3 in the follicular phase and 2 in the luteal phase)] participated in the whole body heat stress protocol. Their average age was 30 Ϯ 4 yr, weight was 69 Ϯ 5 kg, and height was 176 Ϯ 3 cm.
A tube-lined suit was worn to induce thermoregulatory reflexes. A water-impermeable plastic garment worn over the suit insulated the subjects from the room environment and prevented evaporation of sweat. The suit and garment covered the entire body, except the head and the arm from which the measurements were made. The hands and feet were also uncovered. The suit was used to control skin temperature (Tsk) by perfusion with water of different temperatures and, thus, cause periods of normothermia, cold stress, and heat stress (18, 31) . The suit was perfused with cold water to decrease Tsk and induce cold stress and warm water to raise Tsk to 38 -39°C during heating periods. This technique of indirect whole body heating thus evokes thermoregulatory reflex responses, yet it does not increase Tloc at blood flow measurement sites, which could confound assessment of reflex responses (18, 31) .
Internal temperature was monitored with a thermocouple placed in the sublingual sulcus [oral temperature (Tor)]. Subjects were in-structed not to speak so as not to confound this measurement. Tsk was recorded as the weighted electrical average from six thermocouples taped on the skin surface (18, 31) . Pulse rate and MAP were recorded continuously from a finger (Finapres BP Monitor, Ohmeda).
After arriving in the laboratory on the day of the study, subjects were instrumented with two intradermal microdialysis probes as previously described. SkBF was monitored at both microdialysis sites by LDF.
Data collection began with a control 5-to 10-min period during which T sk was maintained at a normothermic level of 34°C. During this period, both microdialysis sites were perfused with Ringer solution at 2 l/min; then the perfusate at one microdialysis site was changed to 5 mM L-NAA in Ringer solution at 2 l/min. After ϳ45-50 min of normothermia with L-NAA perfusion, Tsk was decreased to induce cold stress for 3 min to verify that active vasoconstrictor function was intact at the microdialysis sites and, thereby, exclude unanticipated effects of L-NAA. After cold stress, Tsk was raised to 38 -39°C and maintained at that level to induce heat stress and activate the vasodilator system. Whole body heating was maintained for ϳ25-40 min until T or had increased by ϳ1°C and SkBF had stabilized at an elevated level. After heat stress, subjects were returned to normothermia. In four studies, exogenous ACh was perfused through the microdialysis probes to verify L-NAA inactivation of eNOS. At the conclusion of all studies, both microdialysis sites were perfused with 56 mM SNP to cause maximal vasodilation. The protocol is illustrated in Fig. 2 .
Values are means Ϯ SE. For data analysis, CVC values at L-NAAtreated and untreated sites were normalized to their respective maxima as elicited by SNP to facilitate comparisons between L-NAA-treated and untreated control sites within and among subjects. The vasomotor and NO responses to heat stress were analyzed by comparison of the internal temperature thresholds for the initial increases in CVC at the two microdialysis sites. The internal temperature threshold for the onset of vasodilation for each site was defined as the level of T or at which a sustained increase in CVC began, after Tsk had been increased to 38°C. Tor thresholds were chosen from individual graphs of CVC vs. time by an investigator blinded to the conditions, subjects, and antagonist treatment. The thresholds for cutaneous vasodilation were compared by ANOVA for repeated measures. Comparisons of CVC values, normalized to maxima, from the normothermic baseline, during the final minute of cold stress, and from the final 3 min of heat stress were made by ANOVA followed by Student-Newman-Keuls test. The level of statistical significance (alpha) was defined as 0.05.
RESULTS
The physical characteristics (age, height, weight) of the subject groups in protocols 1 and 2 were not statistically different. Responses of the two sexes within each protocol were not different; therefore, data for men and women were combined for data analysis.
Protocol 1: local skin warming. When T loc was held at 34°C, CVC averaged 19 Ϯ 4%max at sites perfused with Ringer solution only and 16 Ϯ 2%max at sites perfused with 5 mM L-NAA. There were no significant differences between these values at 34°C T loc (P Ͼ 0.05 between sites).
In response to increasing T loc , an initial peak in SkBF was observed in only three of the eight subjects, although when it did happen, similar responses were observed simultaneously at the untreated and L-NAA-treated sites. As T loc was increased to 41.5°C, CVC increased significantly and achieved stable plateaus at both sites (P Ͻ 0.05, 34°C vs. 41.5°C for both sites). During the plateau phase, with T loc maintained at 41.5°C, CVC averaged 84 Ϯ 8%max at sites perfused with Ringer solution only, while CVC at sites treated with 5 mM L-NAA only rose to 43 Ϯ 6%max. At 41.5°C T loc , CVC was significantly less at L-NAA-treated than at untreated control sites (P Ͻ 0.05 between sites). These results are summarized in Fig. 3 .
Protocol 2: whole body heat stress. In normothermia, CVC averaged 13 Ϯ 2%max at untreated sites and 15 Ϯ 2%max at L-NAA-treated sites (P Ͼ 0.05 between sites).
During whole body cooling, CVC fell significantly at both microdialysis sites (P Ͻ 0.05, normothermia vs. cold stress). During the final minute of whole body cooling, CVC fell to an average of 8 Ϯ 2%max at untreated sites and to 9 Ϯ 2%max at L-NAA-treated sites. These responses were not significantly different (P Ͼ 0.05 between sites). . During the initial phase, local temperature (Tloc) of microdialysis sites was held at 34°C. Local skin heating was then performed to raise Tloc to 41.5°C at both microdialysis sites. Finally, perfusates at both sites were changed to 56 mM sodium nitroprusside (SNP) to cause maximal vasodilation. An initial peak in cutaneous vascular conductance (CVC) was followed by a prolonged plateau at both sites. An initial peak was not observed in all studies. After an initial normothermic control period when both microdialysis sites were perfused with Ringer solution, perfusate at one site was changed to 5 mM L-NAA in Ringer solution (initiated at 5 min). Perfusion with Ringer solution alone was maintained at the other site. After ϳ45 min of perfusion with L-NAA, skin temperature (Tsk) was decreased to induce whole body cold stress. Tsk was then increased to induce whole body heat stress, after which the subjects were cooled to normothermia. In this example, exogenous ACh was administered to both untreated and L-NAA-treated sites following heat stress to verify L-NAA effects. Finally, perfusates at both sites were changed to 56 mM SNP to cause maximal vasodilation.
Under normothermic conditions, T or averaged 36.89 Ϯ 0.12°C. In response to whole body heating, CVC began to rise at the untreated site when T or reached a threshold of 37.07 Ϯ 0.11°C, whereas CVC began to increase at the L-NAA-treated site when T or reached 37.06 Ϯ 0.12°C. These T or threshold values did not differ between sites (P Ͼ 0.80). At the peak of heat stress, T or reached a maximal level of 37.87 Ϯ 0.10°C (P Ͻ 0.01 vs. normothermia). Under normothermic conditions, MAP averaged 74 Ϯ 3 mmHg and did not change significantly during heat stress (74 Ϯ 4 mmHg, P Ͼ 0.80, normothermia vs. peak heat stress). Pulse rate averaged 62 Ϯ 3 beats/min in normothermia and increased significantly to 96 Ϯ 3 beats/min by the end of whole body heating (P Ͻ 0.01, normothermia vs. peak heat stress).
In response to whole body heating, CVC rose significantly at untreated and L-NAA-treated sites (P Ͻ 0.05, normothermia vs. peak heat stress). At the peak of heat stress, CVC had risen to 62 Ϯ 4%max CVC at the untreated sites and to 59 Ϯ 4%max CVC at the L-NAA-treated sites. These responses were not significantly different between sites (P Ͼ 0.05, untreated vs. L-NAA). The overall CVC results for protocol 2 are illustrated in Fig. 4 .
After heat stress, exogenous ACh increased CVC to 78 Ϯ 10%max CVC at untreated sites and to 56 Ϯ 10%max CVC at L-NNA-treated sites. These responses were significantly different between sites (P Ͻ 0.05, untreated vs. L-NAA). These CVC results are illustrated in Fig. 5 .
DISCUSSION
In protocol 1, L-NAA attenuated CVC increases induced by local skin warming. In direct contrast, in protocol 2, L-NAA altered neither the T or threshold for the onset of cutaneous active vasodilation nor the CVC increases induced by whole body heat stress. Given that 1) in prior studies, L-NAA has proven to be an effective mechanism-based inactivator of eNOS (1, 6, 8, 37, 43) , 2) in the present study, L-NAA inhibited vasodilation induced by exogenous ACh, and 3) in the present study, L-NAA had completely dichotomous effects on two physiological vasodilator processes known to be NO dependent, our findings strongly support the notion that eNOS effects a significant portion of the cutaneous vasodilation induced by local warming on the skin but does not effect a measurable portion of the cutaneous active vasodilator response to whole body heat stress in humans.
In the present study, our finding that eNOS inactivation attenuated the NO-dependent SkBF plateau caused by local skin warming is consistent with findings from a prior study from our laboratory with the specific nNOS inhibitor 7-nitroindazole (7-NI). We previously found that nNOS inhibition had no attenuating effect on SkBF plateau responses to local skin warming, which suggests that eNOS mediates the response (25) . Taken together, the results of these studies provide complementary evidence that eNOS, rather than nNOS, effects . During whole body cold stress, CVC fell at both sites (P Ͻ 0.05). Responses at the sites were not statistically different (P Ͼ 0.05 between sites). In response to whole body heating, CVC rose at both sites (P Ͻ 0.05).
Responses at sites perfused with Ringer solution only and sites perfused with 5 mM L-NAA in Ringer solution were not statistically different (P Ͼ 0.05 between sites); thus eNOS antagonism did not attenuate cutaneous active vasodilator response to whole body heat stress. an increase in NO generation during prolonged local warming of forearm skin.
Prior work by Shastry and Joyner (32) implicates eNOS as a mediator of NO production during the prolonged SkBF plateau phase of local skin warming. They examined the effect of the heat shock protein 90 (HSP90) inhibitor geldanamycin on SkBF increases induced by increased T loc . HSP90 has been shown to bind eNOS and enhance its activation, leading to increased NO generation (12) . Shastry and Joyner reasoned that if eNOS production of NO was involved in increasing SkBF in response to increased T loc , inhibition of the interaction of HSP90 with eNOS would attenuate SkBF responses. They found that geldanamycin attenuated the SkBF plateau by ϳ20% (32) . In the present study, we found that inhibition of eNOS attenuated the SkBF plateau by ϳ50% and suggest that eNOS could be activated by means beyond interaction with HSP90 alone (10) . One possibility is that eNOS could be activated by a direct effect of temperature; however, studies with isolated NOS isoforms suggest that this is not likely. Venturini et al. (40) found that temperature directly influenced nNOS and iNOS activity independent of substrate concentration; however, eNOS activity was essentially unaltered by temperature. Another observation related to the complexity of the local response to skin warming was made by Minson and colleagues (28) . They observed that the timing of administration of the competitive NOS antagonist nitro-L-arginine methyl ester (L-NAME) altered the degree of inhibition observed during skin warming. Administration of L-NAME before and throughout local skin warming reduced the plateau phase to ϳ40%max CVC. Administration of L-NAME after the plateau phase was clearly established reduced the plateau to ϳ20%max CVC. These observations suggest that mechanisms activated early in the local warming response can alter NO dependence and suggest involvement of multiple interdependent mechanisms. Overall, it is thus likely that the effect of local skin warming on SkBF is mediated by multiple complex control mechanisms, including substrate availability, HSP90, and other intracellular protein interactions, but surprisingly not by direct thermal effects on eNOS activity (10, 40) .
As elegantly delineated by Minson et al. (27) , the cutaneous vascular response to local skin warming is biphasic and consists of an initial rapid increase in SkBF followed by a temporary decline and then another increase to the prolonged SkBF plateau. In contrast to the plateau portion of the response, the initial transient phase of the cutaneous vascular response to local skin warming appears to be mediated mainly by antidromic release of neurotransmitters from afferent sensory nerves through activation of temperature-sensitive vanilloid receptors (27, 35) . This phase does involve a modest NOmediated component through NOS activation by the released neurotransmitters (27) . Our slow local warming protocol did not elicit this phase except in a few of our subjects and, thus, precluded defining which NOS isoform was involved in this phase; however, when the initial phase did occur, it appeared at untreated and L-NAA-treated sites. This is consistent with the finding by Shastry and Joyner (32) that this phase was unaltered by geldanamycin inhibition of HSP90 and suggested that eNOS does not effect this relatively modest NO-dependent component.
Although L-NAA attenuated SkBF responses to local skin warming, the same concentration of L-NAA did not alter cutaneous vascular responses to whole body heat stress, a reflex response known to be dependent in part on NO generation by NOS (20, 24, 33, 34, 42) . Neither the T or threshold for the onset of cutaneous active vasodilation nor SkBF increases during whole body heat stress were altered by L-NAA. In contrast, increases in SkBF during whole body heat stress are attenuated by non-isoform-specific NOS inhibitors, such as L-NAME (20, 33, 34) , and the nNOS isoform-specific antagonist 7-NI (25) . Neither isoform-specific or nonspecific NOS inhibitors appear to alter the T or threshold for the onset of cutaneous active vasodilation (20, 33, 34) . When considered together, the results of the present study suggest that the eNOS isoform is not the major NOS isoform responsible for NO generation during whole body heat stress and provide complementary support for nNOS as the major generator of NO during cutaneous active vasodilation (25) .
Our conclusions in regard to the roles of eNOS in the control of human cutaneous blood vessels are based on the inactivation of eNOS, rather than nNOS, by L-NAA. Isolated enzyme studies demonstrated that L-NAA has 10-fold greater inhibitor constant for eNOS than nNOS and, thus, a relative selectivity for eNOS over nNOS (1, 43) . In addition, inhibition studies in whole cells found that nNOS generation of NO in pituitary cells was largely unaltered by L-NAA (8, 43) . Finally, L-NAA has been used successfully to delineate the isoform responsible for NO production by endothelin B receptors in kidney collecting ducts (37) . Thus prior published work is consistent with selective eNOS inactivation by L-NAA at appropriately defined concentrations.
Because the isoform specificity of NOS antagonists declines with increasing concentration, we performed studies that defined the lowest L-NAA concentration that attenuated the vasodilator response to exogenous ACh that is in part NO dependent and mediated by eNOS (14, 24) . These studies demonstrated that 5 mM was the lowest L-NAA concentration that would reliably attenuate endothelium-dependent vasodilation caused by exogenous ACh and yet also be the least likely to inactivate nNOS.
In the present study, we found that the same concentration of L-NAA that significantly attenuated skin vasodilation induced by both local skin warming and exogenous ACh failed to attenuate cutaneous active vasodilation during whole body heat stress. Both of these responses are known to be dependent, at least in part, on NO generation by NOS (15, 20, 21, 24, 25, 27, 28, 33, 34) . The divergent findings of 1) an attenuating effect of 5 mM L-NAA on vasodilation induced by local skin warming and 2) no attenuating effect of 5 mM L-NAA on cutaneous active vasodilation in whole body heat stress show that selective eNOS inactivation had been achieved. If only nonselective NOS isoform blockade had been achieved, the vasodilatory responses induced by both of these physiological processes would have been attenuated; that was not the case.
What is the cellular location of the eNOS that is activated by direct temperature increases? The eNOS isoform is expressed in low levels in skin fibroblasts, melanocytes, and dermal papilla cells; however, the predominant site of eNOS localization in skin is within endothelial cells (7) . Previous observations that the vasodilatory plateau induced by increased T loc is refractory to botulinum toxin or cutaneous anesthesia (22, 29) indicate that neural processes are not involved. Thus it is quite likely that increased T loc acts directly on endothelial cells to cause eNOS activation, increased NO production, and, consequently, local vasodilation. How this thermal signal is transduced is unknown.
Whether the foregoing mechanisms are present in body regions other than the forearm is unclear. The present study, as well as our investigation with 7-NI, was done in forearm skin with single periods of local skin warming (25) , in contrast to those of Stewart et al. (36) , which were done in skin of the leg with repeated periods of local skin warming. In their protocol, Stewart et al. compared the vasodilation induced by local skin warming during an initial untreated control period with that induced by a second period of local skin warming at the same site during treatment with N -nitro-L-arginine-2,4-L-diaminobutyric amide (N ), an nNOS antagonist, based on in vitro studies (16) . N was introduced into the skin of the calf by intradermal microdialysis. Compared with the SkBF response during the initial warming period, N attenuated the plateau phase of a second period of local skin warming in the calf. The extent of the attenuation was the same as that achieved with a non-isoform-specific NOS antagonist. This work suggests the possibility that nNOS mediates local skin warming responses in the calf, but not in the forearm (25) . Alternatively, vasodilation induced by single periods of local skin warming may be mediated by eNOS, whereas different mechanisms involving nNOS activity are evoked by repeated periods of local warming.
Finally, what are the clinical implications of these findings? Simple and reliable techniques to evaluate endothelial function have been sought by clinical practitioners for years, yet they remain unestablished (3) . The use of LDF to monitor cutaneous vascular responses to local skin warming has been suggested, and it certainly represents a simple approach, albeit one that is limited by some technical challenges such as the variability inherent in LDF (9) . The present study provides additional rationale for using the plateau phase of the response to local skin warming to specifically evaluate eNOS function in humans in vivo; however, because LDF provides only a relative index of SkBF, and not absolute quantification, it is likely that a technique other than LDF will be needed to reproducibly monitor these vasomotor responses in useful ways in clinical settings.
In summary, we found that the mechanism-based eNOS inactivator L-NAA attenuated the SkBF plateau phase of local skin warming. An identical concentration of L-NAA did not alter the cutaneous active vasodilator response to whole body heat stress. This result demonstrates a specific role for eNOS activation in generating the increase in NO requisite for skin vasodilation due to increased T loc . In contrast, eNOS activation appears not to play a substantial mechanistic role in cutaneous active vasodilation as induced by whole body heat stress.
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